There is a clear correlation between downward projected large igneous province (LIP) eruption sites of the past 200 Myr and the margins of the large low-velocity provinces (LLVPs) at the base of the mantle. We established this correlation by using palaeomagnetic as well as fixed and moving hotspot reference frames. Our finding indicates that the majority of the LIPs have been generated by plumes that rose from the D zone at the edges of the LLVPs. Most LIP eruption sites project radially downwards to the core-mantle boundary (CMB) within ±10
I N T RO D U C T I O N
Higher-velocity regions in tomographic models of the Earth's mantle, for example in those of Becker & Boschi (2002) , occupy regions which geodynamic interpretations, such as that of Richards & Engebretson (1992) , have suggested contain graveyards of ancient subducted material. In contrast low-velocity regions of the deep mantle, the large low-velocity provinces (LLVPs) of Lay (2005) , have been suggested to contain the sources of mantle plumes but deep plume models are controversial and alternative models associate all hotspot volcanism with shallow tectonic processes (Foulger et al. 2005) . We have recently demonstrated that large igneous provinces (LIPs, Fig. 1 ) of the past 200 Myr, when restored by palaeomagnetic rotation to their positions with respect to the spin-axis at the time of their eruption, become concentrated radially 2002; Chambers et al. 2004; Bergen 2004 ). This change requires that Ontong Java, previously subdivided into two LIPs, has to be considered as a single LIP erupted at around 121 Ma. We excluded two LIPs (Argo Margin & Gascoyne) of the Australian margin from Table 1 because their ages are not well constrained.
The locations of plume eruption sites at the Earth's surface ( Fig. 1 ; Table 1 ) may not be the places where the plume heads impinged on the base of the lithosphere so that locating plume eruption sites with higher resolution than ca. 500 km may be unrealistic. We found that six of the LIPs that our earlier work indicated were of deep origin (CAMP, Karroo, Tristan, Rajmahal, South Kerguelen, Deccan and Iceland; see Burke et al. 2003; Burke & Torsvik 2004 ) erupted into existing rifts. Sleep (1997) provided a plausible explanation for that observation. He considered (1) that a plume head might impinge anywhere on the base of the lithosphere, (2) that magma generated at the site of such an impingement could travel buoyantly along the base of the lithosphere by what he called 'upside-down drainage' to a place, such as an existing rift, where the lithosphere was already thin and (3) that a LIP derived from the plume which had impinged far away could then erupt. Fortunately more than 700 rifts have been mapped within the continental lithosphere (Sengor & Natalin 2001) so that upside down drainage is unlikely to have to travel for more than ca. 500 km before initiating LIP eruption.
G L O B A L T O M O G R A P H I C M O D E L S A N D T H E C M B
Our interest has been in observing how and whether the downward projected locations of LIPs and hotspots can be related to the deep mantle structure discerned tomographically. Our findings are somewhat sensitive to which tomographic models we choose and we have concentrated on shear wave models because structure within the D zone is better seen in those models. Estimates of the vertical and horizontal extent of heterogeneities, shear wave velocities and gradients in shear wave velocities are not entirely independent in the models and, as with all tomography, spatial resolution is highly variable. With these limitations in mind we have examined and compared most global shear wave tomographic models at the CMB (2900 km depth). Our preferred SMEAN model (fig. 2, Becker & Boschi 2002) is based on the NGRAND, S20RTS and SB4L18 models (Fig. 3) .
Two LLVPs (low δV s regions, the LLVPs of Lay 2005) are the most prominent features of all global shear wave tomographic models (Figs 2 and 3). At their bases the two LLVPs between them extend over about 25 per cent of the CMB. As the resolution of seismic tomography increases, internal coherency of the LLVPs may diminish, but the large-scale pattern will persist (Lay 2005) . The relatively well-defined African and Pacific LLVPs, are isolated within the faster parts of the D zone. Richards & Engebretson (1992) , Van der Voo et al. (1999) and many others have suggested that the faster regions are cooler because they contain subducted slab material while the two slower regions have escaped that refrigerating influence.
In Fig. 2 red-to-blue contours indicate the locations of approximately 50 features with horizontal shear wave velocity gradients above 0.16 per cent/degree (calculated from the SMEAN model of Becker & Boschi 2002) . These very steep velocity gradients, all of which extend over <10
• , account for about a quarter of the full 5 per cent range of shear wave velocity variation at the CMB. The very steep velocity gradients are concentrated at the margins of the two LLVPs close to the 1 per cent slow contour. Less steep gradients, although still steeper than average, extend along much of the rest of the 1 per cent slow contours. The 1 per cent slow contours form faster/slower boundaries (FSBs) within D velocity structure. The concentration of steep gradients is better defined at the margin of the African LLVP than it is at the margin of the Pacific LLVP. Burke & Torsvik (2004) restored 25 LIPs of the past 250 Myr to their initial eruption sites using the palaeomagnetic method. By assuming no relative motions between the Pacific and East Antarctica prior to 90 Ma and following plate-circuit procedures outlined by Norton Table 1 . Large igneous provinces (sorted by age) updated from Burke & Torsvik (2004) . LIPs are restored to their emplacement positions according to four different reference frames as described in the text.
L I P L O C AT I O N S AT E RU P T I O N T I M E S -M E T H O D S
Lat/Long is latitude/longitude. δV S is extracted from the SMEAN shear wave velocity anomaly model at each of the emplacement positions. 1 per cent is distance in degrees from 1 per cent slow contour (minus if inside). Symbols are as used in figures. Note that the distance for the Siberian Traps is measured from a small local 1 per cent slow area. LIPs in bold are from the Pacific.
δV S and distance from the 1 per cent slow contour are calculated by upward projection of CMB tomography to the Earth's surface without considering plume advection; this introduces an error of unknown magnitude and in addition the locations of plume eruption sites at the Earth's surface may not be the places where the plume heads impinged on the base of the lithosphere so that locating plume eruption sites with higher resolution than ∼500 km is unrealistic. 
African fixed hotspot method
Based on volcanic hotspot tracks in the Indo-Atlantic realm, Müller et al. (1993) calculated best-fit plate rotations relative to presentday hotspots since the Cretaceous (ca. 130 Ma). For older times (>83.5 Ma) this model is subject to large uncertainties because it is based on only two hotspot tracks. We have tested this model and revised it according to more recent timescales (Torsvik et al. 2006) ( Table 1 , Fig. 4 ).
African moving hotspot method
Hotspots may not be fixed relative to each other (e.g. Steinberger et al. 2004 ) and the hotspot frame can in that case be replaced by a mantle reference frame in which the motion of hotspots in a convecting mantle is considered. Here, the 'absolute' position of Africa back to 130 Myr is determined by its motion with respect to African hotspots, as in (4.1) above, but the position of each hotspot is adjusted for the effects of mantle convection. For the purpose of this paper we used the 'smooth' model of O'Neill et al. (2005) ( Table 1 , Fig. 5 ).
Global palaeomagnetic method
The palaeomagnetic frame has the advantage that we can extend our analysis back to 251 Ma (i.e. Siberian Traps). Furthermore, it is totally independent of both the hotspot and mantle frames. To optimize the palaeomagnetic method, however, the choice of reference plate is critical. If there is reason to suppose that a particular continent has moved little longitudinally since the time represented by the reconstruction, that continent should be used as the longitudinally fixed reference plate (Burke & Torsvik 2004; Torsvik et al. 2006) . Africa meets this criterion and is therefore used as the reference plate in order to minimize longitudinal uncertainties in palaeomagnetic reference frames and compare them directly with hotspot and mantle frames (Table 1 , Fig. 6 ). This new global palaeomagnetic reference frame is detailed in Torsvik et al. (2006) .
Global moving hotspot frame
Although similar to (4.2), this model is global: the Pacific and IndoAtlantic domain hotspots have been combined to calculate the 'absolute' African and Pacific plate motion. This frame goes back to 83.5 Ma, but has been extended here based on separate Africa and Pacific fixed hotspot frames. The African plate motion calculated here differs from Steinberger et al. (2004) in that the same relative plate motions between Antarctica and South Africa and Australia and Antarctica as in the other parts of this paper are used, and they are slightly different from those that had been used by Steinberger et al. (2004) (detailed in Torsvik et al. 2006) . For the African plate, we extend the reference frame prior to 83.5 Ma with the same rotation rates as in the revised African fixed hotspot reference frame of Section 4.1. (Table 1 , Fig. 7 ).
For the Pacific plate, we extend the reference frame back in time with the same rotation rates as in the Pacific fixed hotspot frame of Duncan & Clague (1985) . This combined approach shows that the restored Pacific LIPs (Fig. 7 ) compare reasonably well with the palaeomagnetically reconstructed LIPs (Fig. 6 ) showing that our (Grand 2002) , S20RTS (Ritsema et al. 1999 ) and SB4L18 (Masters et al. 2000) shear wave velocity models for 2800 km depth. The models were combined by Becker & Boschi (2002) to produce the SMEAN model of Fig. 2 . All models are displayed using the same colour scale. NGRAND is contoured at −1 per cent, S20RTS at −0.65 per cent and SB4L18 at −0.6 per cent. All three contours are similar in form to the −1 per cent contour for SMEAN in Fig Müller et al. (1993) as updated by Torsvik et al. (2006) (Table 1 ). This reference frame is viable back to 130 Ma. Table 1 ). This restoration is viable back to 130 Ma (originally reported back to 120 Ma-here extrapolated to 130 Ma).
assumption of insignificant relative movements between Pacific and East Antarctica prior to 83.5 Ma is a reasonable approximation.
Palaeomagnetic versus mantle frames and direct palaeomagnetic observations
Due to errors in both palaeomagnetic and mantle reconstructions, restored LIP eruption sites for the last 100 Myr probably overlap within errors at the 95 per cent confidence level (Torsvik et al. 2006) . Substantially larger differences are recognized for the Early Cretaceous (Table 1 ) and this is clearly reflected when we calculate the standard deviation for restored LIP latitudes only (Fig. 8a) . In Fig. 8(b) we compare the restored latitudes of all LIPs determined by using all reference frames outlined above as well as direct palaeomagnetic observations when available. Except for the Ontong Java (ca. 121 Ma) LIP there is a reasonable correspondence between the global palaeomagnetic frame and observed latitudes. There is a clear discordance (14 • ) between latitudes derived from the palaeomagnetic frame and observed palaeomagnetic data from Ontong Java; the global (Pacific) mantle frame reduces this discordance to 8
• . Fig. 8 also shows that all LIPs in the 200 to 65 Myr range were erupted at equatorial (4 LIPs) or intermediate southerly latitudes (15 LIPs) . This hemispherical asymmetry could be: (1) a preservation artefact, (2) a surface distribution controlled by structure in the deep mantle or (3) a result of a combination of these causes.
L I P A N D H O T S P O T L O C AT I O N S AT E RU P T I O N T I M E -L I N K S T O T H E D E E P M A N T L E
All restoration methods rotate most LIPs back to eruption sites near to locations radially above the FSBs of the African and Pacific LLVPs in the SMEAN model (Table 1, Figs 4-7) . Davaille et al. (2005) using different rotation methods reported a similar result for Steinberger et al. (2004) as later updated by Torsvik et al. (2006) (Table 1 ). This frame is truly global back to 83.5 Ma; during time intervals prior to that, Pacific Ocean LIPs are restored to their original eruption locations with rotation rates from a fixed hotspot frame back to 150 Ma (Duncan & Clague 1985) , and other LIPS are restored with rotation rates from the African fixed hotspot reference frame back to 130 Ma (modified after Müller et al. 1993) .
the African LLVP but did not consider the Pacific LLVP. No matter which method we used, the Columbia River LIP remained far from the FSBs. Excluding Columbia River, the mean angular deviation of the restored LIPs from the FSBs, that is from the 1 per cent slow contour, is 7
• (Fig. 9 ; in the Pacific the average deviation is 8 • ). Four different restoration methods (i.e. Africa fixed hotspot, Africa moving hotspot, Global moving hotspot, and Global palaeomagnetic) yield mean deviations of 7, 8, 8 and 6
• respectively. The average δV s varies between −1.0 and −1.1 per cent for the different methods. All methods produce similar patterns of LIP eruption sites that cluster around the FSBs at the CMB. Because all methods yield broadly similar results, it is difficult, using presently available data, to select one as 'better than' or 'more appropriate to apply' than the others. The palaeomagnetic frame has one advantage over the others, which is that it can be applied to LIPs as old as the Siberian Traps (251 Myr). Pending the acquisition of more data we recommend that for the Pacific Ocean sites the Pacific mantle frame (Fig. 7) should be used because it corresponds better with both the global palaeomagnetic frame and the observed palaeomagnetic latitude for the Ontong Java LIP. The Pacific mantle frame also avoids the plate closure problems when attempting to relate Pacific LIPs to Africa (Figs 4-6 ).
Differences between the LLVPs in (a) marginal gradients and (b) numbers of preserved LIPs
FSBs at the edges of both the African and the Pacific LLVPs are marked by steep gradients close to the 1 per cent slow contour. About In the Pacific LLVP less than 50 per cent of the 1 per cent slow contour's length is occupied by very steep gradients (>0.16 per cent/degree). All of the six projected LIP eruption sites of the Pacific region lie close to the 1 per cent slow velocity contour but only two are close to very steep gradient segments of the FSB. The other four are in a region where the slope is steep but does not reach 0.16 per cent/degree, the cut-off value used in our figures.
The western two-thirds of the area in the Pacific that projects vertically downwards to the Pacific LLVP is without restored LIP sites. One of the most westerly restored sites is the Shatsky Rise LIP (SR) in the northwestern Pacific Ocean. The absence of restored LIP sites farther to the west over the Pacific LLVP probably results from subduction of LIPs that once lay on ocean floor to the west of the Shatsky Rise. The importance of subduction in limiting and partly destroying the Pacific record cannot be overemphasized. It has, for example, long been recognized that the Hess Rise Twin was subducted under the Cordillera of North America triggering the Laramide orogeny at ca. 80 Ma (Livacarri et al. 1981) . Similarly the Hikurangi plateau, a twin of the Manihiki plateau has been caught up in an accretionary complex in New Zealand (D. Müller personal communication, 2005) .
Hotspots and the Deep mantle
Analysis so far has been confined to consideration of the positions of LIPs with respect to the CMB at the time of their eruption. Here we extend our analysis to hotspots. Hotspots can be simply, although somewhat imperfectly, defined as 'volcanic provinces other than those of plate boundary zones and those formed by pressure relief melting in intracontinental rifts'. Many hotspots, for example Hawaii (Wilson 1963; Morgan 1971) , have long been suggested to overlie plumes that originated at the CMB and some hotspots, for example Tristan and Kerguelen, lie at the ends of plume trails that are linked to LIPs. Analysis here of how hotspots relate to the structure of the deep mantle does not use the most comprehensive catalogue of ca. 140 hotspots (Sengor 1995) because that catalogue, particularly in its African plate section, contains a number of hotspots of shallow origin (Burke 1996) . It also needs to be purged of some intracontinental volcanic provinces now known to be better attributed to pressure relief melting in rifts than to be considered hotspots. Instead we used Steinberger's (2000) catalogue of 44 hotspots. Thorne et al. (2004) showed that some of those hotspots when projected downward reach regions with steep shear wave velocity gradients on the FSB of the Pacific LLVP. We address the relationship of the 44 hotspots to the FSBs at the CMB in a somewhat different way by calculating the angular distances between the projected hotspots and the 1 per cent slow contour (Table 2, Figs 10 and 11). Courtillot et al. (2003) and Ritsema and Allen (2003) concluded respectively on the basis of underlying low shear wave velocities in both the upper and lower mantle and by using a variety of other criteria that only seven and eight hotspots (IL, LV, SM, TT, AF, RU, HI and EI) had a deep plume origin (Fig. 10) . Montelli et al. (2004) using P-wave tomography added a few more hotspots (TH, AZ and CY) to those of deep origin. Here we show that most hotspots of arguably deep origin in Fig. 10 overlie the margins of one or other of the two LLVPs close to the CMB. Eight (EI, HI, RU, AF, TT, SM, 
S Y N T H E S I S A N D D I S C U S S I O N
We have found that most LIPS project radially to sites within ±10
• of one or other of the FSBs of the LLVP margins at the CMB (Fig. 9) . We have thus shown that plume sources of the past 200 Myr have been concentrated in belts straddling the peripheries of the two LLVPs at the CMB. The spatial correlation between the surface features and the edge of the African LLVP at the CMB is particularly clear. LIPs related to the African LLVP (except the Early Tertiary North Atlantic LIP [GI in Fig. 10]) , ranging in age from 31 Ma (Afar) to 200 Ma (CAMP) as well as the majority of hotspots project radially downwards onto or close to the FSB at the CMB. In Fig. 12 we also show a NNE trending shear wave tomographic profile that intersects the restored positions at the CMB of the Maud Rise, Afar and Siberian Trap plume sources. The profile cuts across the African LLVP showing it as extending to approximately 1500 km above the CMB. The African LLVP is marked not only by the strong marginal horizontal gradient characteristic of the FSBs at the CMB but also by sharp-edged vertical relief of hundreds of kilometres (Ni et al. 2002) . Fig. 10 shows that no LIPs or hotspots project radially downwards onto the highest parts of the African LLVP. Projections are concentrated only along its margins where that margin lies at the CMB.
How the deep mantle plumes that generated LIPs and hotspots have been sourced from within the marginal belts of one or other LLVP for at least 200 Myr (the age of the CAMP LIP) remains unexplained. What are possible dynamic reasons for the concentration of plume sources within the two belts? We first consider current understanding of the structure of the D zone, with an emphasis on aspects related to our question.
Structure of the D zone
The D zone is characterized by a combination of thermal and compositional variations, with complexity added by the presence of a phase change. A thermal boundary layer at the base of the mantle in the D zone is required by all models. The energy needs of the geodynamo in the Earth's core, although somewhat uncertain, call for heat to be conducted across the CMB from the core to the mantle. Temperature estimates for the core side of the CMB are about 4000 K (Boehler 1996) and thus substantially higher than estimates of temperature in the mantle just above the D for which a value of about 2500 K has been obtained by extrapolation from below the lithosphere along an adiabat with appropriate thermal expansivity profile (see e.g. Schubert et al. 2001 , for a recent review). The difference indicates a temperature drop of >1000 K across the CMB.
Evidence is accumulating for both a phase change and compositional variation in the D zone. The presence of a phase change is suggested by the recent experimental production of a post-perovskite phase transition in MgSiO 3 (Murakami et al. 2004) . That phase change is likely to occur 200-300 kilometres above the CMB. Such a phase change can explain the occurrence of a seismic discontinuity about 200 km above the CMB (Sidorin et al. 1999a ). Both calculations (Tsuchiya et al. 2004) and preliminary experiments (Hirose & Fujita 2005) indicate a large positive Clapeyron slope (7.5 MPa K −1 or more) for the phase change. Similar values for depth and Clapeyron slope were obtained by Sidorin et al. (1999b) by comparing the results of convection modelling with seismic observations. They found that best fits to the observed waveforms were obtained for phase transitions characterized by a Clapeyron slope of about 6 MPa K −1 and an elevation above the CMB of ∼150 km. A large positive Clapeyron slope, in combination with substantial temperature variations implicit in a laterally variable thermal boundary layer is suggestive of major depth variation for the phase boundary. That variation could also explain why the D seismic discontinuity is primarily observed in the regions of positive shear wave velocity anomaly that have been suggested to contain subducted material which is likely colder than average material at D depths. In hotter regions the pressure required to reach the phase transition might be greater than that at the CMB and the post-perovskite layer could be absent. In colder regions, the post-perovskite transition is expected Deviation from 1% slow contour, SMEAN (degrees) Figure 11 . Great circle angles between hotspots and the 1 per cent slow contour in the SMEAN shear wave velocity model for 2800 km depth (see Fig. 2 and Table 2 ). to occur twice in that case, with a narrow layer of perovskite underlying the post-perovskite layer, because the CMB is presumed to be isothermal.
A number of studies involving seismological considerations favour interpretation of variations within the D zone as related to chemical composition:
(1) Both Ni et al. (2002) and Wang & Wen (2004) found that the African LLVP has sharp and steeply dipping edges that are best explained as compositionally controlled.
(2) Mao et al. (2006) show that ultralow-velocity patches observed by seismology may be due to iron enrichment in postperovskite.
(3) Masters et al. (2000) found that S-wave and bulk sound anomalies were anticorrelated in the lowermost mantle. Those anomalies should be perfectly correlated if solely of thermal origin.
(4) Explicit density models based on seismology including normal modes (Ishii & Tromp 2004) indicate positive density anomalies in the two LLVPs of the D zone. Those anomalies are best attributed to compositionally denser material.
(5) While such explicit density models remain controversial (Kuo & Romanowicz 2002) , a recent dynamic model by Steinberger & Holme (2006) features a very similar D density structure, both in pattern and in amplitude. They found that, without such a layer of denser material, both CMB relief (Garcia & Souriau 2000) and excess ellipticity (Mathews et al. 2002) tend to be predicted too high. Computations better fit observations if relief that would be otherwise at the CMB in the models is compensated due to density variations in the lowermost mantle.
(6) Tan & Gurnis (2005) show that piles of chemically distinct material on the CMB with steep edges and consistent with the seismological observations, as well as geodynamical, mineralogical and geochemical constraints can persist for long periods of geological time.
(7) McNamara & Zhong (2005) show that Earth's subduction history can lead to thermochemical structures similar in shape to the observed large lower-mantle velocity anomalies.
In addition to seismological considerations it can be argued that if plumes arise from the lowermost mantle, their rather low excess temperature compared with the implied temperature drop across D indicates that D is not just a thermal boundary: Both Albers & Christensen (1996) and Farnetani (1997) favoured the explanation that plumes rise from the top of a chemically distinct layer at the base of the mantle, since it is far easier to account for the relatively modest temperature excess of hotspot melts by having a much weaker thermal boundary layer as plume source.
Speculations on possible causes and implications of the concentration of plume sources close to the CMB at the margins of the LLVPs
Here we speculate about why the sources of plumes that have generated LIPS over the past 200 Myr fall into two narrow belts close to the CMB that straddle places where the fast and slow parts of the D zone are in contact with each other and with the core. Because of the concentration of the plume sources where core, fast D and slow D are in contact all three are likely to be involved in some way in plume generation. The role of the core is likely to be dominantly, if not completely, in contributing heat. The roles of the fast and slow parts of the D to generating plumes are likely to be in contributing two different kinds of material to the plume.
Juxtaposition of LLVPs, the faster parts of the D zone and the core in plume source regions is consistent with isotopic evidence of LIP derivation from a variety of reservoirs. A plume that forms where the three meet might be expected to contain: (i) depleted material from slab graveyards in the faster parts of the D zone, (ii) fertile material and noble gases (such as He with a high 3 He/ 4 He ratio) from LLVPs which appear to have been isolated from the rest of the mantle for at least 200 Myr and possibly for very much longer and (iii) some core involvement (Walker & Walker 2005) .
There is already some evidence on the basis of a variety of observations, physical and numerical experiments that the CMB below the faster parts of the D zone is unlikely to be the source of plumes of deep-seated origin. Those faster regions have been suggested to contain subducted material in 'slab graveyards': (i) Those regions are likely cold and refractory, thus formation of plumes might be suppressed.
(ii) Slabs might also impede buoyant transit of plumes.
(iii) Formation of plumes might also be suppressed due to largescale flow of the mantle imposed by plate motions, thinning the thermal boundary layer at the base of the mantle below those regions where plates converge, corresponding to subduction zones on Earth (Gonnermann et al. 2004) . Their physical experiments were performed in a compositionally homogenous fluid and could be modified in the presence of a chemically distinct basal layer.
Rather, plumes are expected to form at the edge of slab graveyards at the FSB: (i) Tan et al. (2002) found in a numerical experiment that a plume developed in front of a slab moving into the lower mantle.
(ii) In a related experiment Tan et al. (2002) found that a plume generated at the CMB under a slab that was moving horizontally just above the CMB was forced to migrate to the edge of the slab.
(iii) Edge-driven convection may occur at steep vertical boundaries. King & Anderson (1998) show that edge-driven down-welling may occur at the steep edges of continental roots, which are colder than the ambient mantle. We speculate here that a similar mechanism may occur at the base of the mantle, causing upwelling at steep edges of LLVPs which are hotter than the ambient mantle.
All these results are consistent with our finding that plumes have erupted only from the FSBs at the edges of the LLVPs and not from the interior of the faster parts of the D zone. The Columbia River basalt province, if indeed it is of deep mantle origin, provides an exception.
The slower parts of the D zone represented by the two LLVPs have been considered more likely than the fast part to generate mantle plumes (see e.g. Lay 2005, fig. 1 ) but we have found no LIPs and few hotspots that project down onto the interior, more elevated, surfaces of the LLVPs (Figs 10 and 12) . Numerical results indicate that the post-perovskite phase change enhances the occurrence of thermal instabilities (Nakagawa & Tackley 2004) . If this phase change is absent or occurs closer to the CMB in the central parts of the LLVPs, it could be that thermal instabilities and plumes are more likely to occur at the edges rather than the centres. However, Yamagishi et al. (2006) found that in 3-D spherical geometry that phase transition has little influence on the dynamics of convection.
The LLVPs are sometimes called upwellings but this may be misleading. Our analysis suggests that within resolution the areas of the LLVPs at the CMB have remained constant during the past 200 Myr which is consistent with the idea that the volumes have also remained constant. Substantial volume change of an LLVP requires addition or subtraction of material. The absence of LIPs and hotspots at the surface above the LLVPs shows that there is no evidence that material has left those structures and the foundering of subducted slabs, the only known way of adding material to the lower mantle, has been discerned only over the faster parts of the D zone. Because the thermochemical structure and volume of the LLVPs do not appear to have changed over the past 200 Myr any effects of a phase change are also unlikely to have changed within those provinces over a similar interval.
Episodicity and sporadicity of plume origin calls for the generation of new instabilities at the CMB. Numerous reasons have been suggested for that process and many more can be readily imagined:
(i) Plumeheads that generated the LIPs of the past 200 Myr appear to have risen relatively quickly. As a result of non-linear rheology, large stresses may have reduced the effective viscosity around plumeheads (Weinberg & Podladchikov 1994; Larsen & Yuen 1997; van Keken 1997) , thus increasing rise speed. Relatively large amounts of heat could have been released within a short time. It would then take some time until the next instability could form.
(ii) Tomographic models indicate that slabs do not continually penetrate the lower mantle (Fukao et al. 2001) . Temporal variations in the passage of slabs into the lower mantle and, in the extreme case mantle avalanches (Tackley et al. 1993 ) may contribute to episodicity and sporadicity in the generation of new plumes.
C O N C L U S I O N S
(1) Eruption sites for approximately 90 per cent of all LIPs of the past 200 Myr project radially downwards onto the CMB at places where it is intersected by the FSBs at the margins of one or other of the two LLVPs which form the deep mantle's most prominent features.
(2) We infer that nearly all LIPs and some hotspots have been generated by plumes rising from the CMB at an FSB within the D zone.
(3) Four reference frames used to restore LIPs to their eruption sites all bring the projected LIP sites close to the FSBs. Present data and methods do not permit discrimination among those reference frames.
(4) D zone FSBs lie on both the 1 per cent slow contour of shear wave velocity and the maximum horizontal gradient in shear wave velocity.
(5) The spatial link between LIPs of different ages and the FSBs at the CMB indicates that deep mantle large-scale structure is longlived and has not changed (within our resolution) as far back as at least the time of the eruption of the Siberian Traps (251 Ma).
(6) The ages and short eruption times of LIPs (ca. 1 My) indicate that plume sources have developed and decayed on a timescale much shorter than 200 My.
(7) The longevity of D heterogeneities provides additional evidence that they cannot be purely thermal in origin but have a compositional component.
(8) LIPs in the 200 to 65 Myr range were erupted at equatorial or intermediate southerly latitudes. This is consistent with control by deep mantle structure.
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